The patterns of lectin-binding affinity of most strains were found to be unique. There appears to be two types of lectin-binding profiles: the first is characterized by a few lectins, and the other is characterized by multiple lectins with different specificities. We also showed a dramatic change in the lectin-binding profile of a YIT 9029 derivative with a mutation in the cps1C gene, encoding a putative glycosyltransferase. In conclusion, the developed technique provided a novel strategy for rapid profiling and, more importantly, differentiating numerous bacterial strains with relevance to the biological functions of PS.
It is well documented that bacterial cell surface components and structures are critical factors for pathogenesis, host-microbe interaction, immune modulation, and symbiosis. Tolllike receptors (TLRs) expressed on mammalian epithelial and immune cells act as pattern recognition receptors, which are individually responsible for a variety of different bacterial components, such as lipopolysaccharides (LPSs) from Gram-negative bacteria, peptidoglycan (PG), lipoteichoic acid (LTA), and wall teichoic acid (WTA) from Gram-positive bacteria, flagella, lipoproteins, and nucleic acids. TLRs transfer signals to the innate as well as the acquired immune system (1) . Bacterial cell surface components are also recognized by other mammalian signaling molecules, such as nucleotide-binding oligomerization domain-containing protein 1 (NOD1) and NOD2, which are intracellular proteins functioning as cytosolic sensors in the regulation of inflammatory responses (17) . The human gut is inhabited by an enormous amount of microbes involved in maturation of the host immune system, establishment of commensalism, or induction of the inflammatory response through interaction with host cells. While the mechanism of a typical host-microbe interaction through TLRs and NODs is documented, there are a number of ambiguous interactions between host and microorganism in which bacterial surface components are involved. It has recently been revealed that polysaccharide (PS) A from Bacteroides fragilis stimulates T-cell activation (22) , while type III PS from group B streptococci is known to be an immune stimulant, in addition to being a virulence factor (23) .
Many strains of lactic acid bacteria (LAB) are used as probiotics, which are defined as microbes that exert a beneficial effect on the host. Various factors produced by LAB have been proposed to actively interact with mammalian host cells (12) . For example, soluble proteins produced by probiotic bacteria are known to regulate survival and growth of intestinal epithelial cells (11, 18, 30) . Although the cell surface components of LAB such as S-layer proteins, LTA, WTA, and PSs are proposed to be immune modulators (21) , the active components directly involved in immune modulation and the molecular nature of these recognition processes are largely unknown.
The probiotic activity of the Lactobacillus casei strain Shirota (YIT 9029) has been extensively analyzed. While the bacterium is known to be a strong Th1-type cytokine inducer (32) , of which the active component was proposed to be LTA (12) , it exerts anti-inflammatory activity against diabetes mellitus (26) and inflammatory bowel disease (24, 25) in animal models. It was shown that the cell wall preparation containing PS and PG could be the active component of the anti-inflammatory activity (25) . We have focused on the role of cell wall PSs in the immune modulation activities of YIT 9029 and have found that high-molecular-mass cell wall PSs (PS-1) are a prerequisite for anti-inflammatory activity (43) . In this analysis, we identified a cluster of genes essential for the biosynthesis of the high-molecular-mass PS-1 moiety, which are designated cps1A, cps1B, cps1C, cps1D, cps1E, cps1F, and cps1J.
In the light of recent research on the role of bacterial cell surface structures/components in probiotic or symbiotic action (21) , PSs from each bacterial cell wall could have individual and unique roles which are more important than has ever been assumed (4, 19, 22, 46) . As described in some reports concerning Bacteroides fragilis polysaccharides (7, 8, 27) , bacterial cells have different impacts on host cells, even when various mutants having defects in different predictive polysaccharide biosynthesis genes or deletions showed different immune-modulating effects on cultured splenocytes and T cells. However, the kind of PS structure important for their activity and how these molecules exert their activities on host cells are still open questions. In addition, it has been shown that extracellular PSs of Streptococcus thermophilus (39) and group B Streptococcus capsular PSs are highly diverse (6) . It is well-known that pathogenic bacteria, such as hemolytic streptococci, often change their outer surface glycan profile to escape the host immune defense mechanism (5) . To investigate the dynamism and diversity of bacterial outer surface structures, especially bacterial glycomes, in relation to their functional characterization, a powerful methodology with high throughput and versatility is needed.
A novel technique called lectin microarray was developed to profile the complex features of glycans expressed in various forms (2, 14, 20, 37, 38) . We adopted a unique evanescentfield-activated fluorescence detection principle to detect highly sensitive and reproducible lectin-glycoconjugate interactions on a glass side (20, 38) . Using this detection principle, Tateno et al. (2007) developed an application method enabling detection of direct interaction between lectins and whole mammalian cells (37) . Similarly, Hsu et al. (14) (15) (16) applied lectin microarray technology to targeting of bacterial cells, though they utilized a confocal detection principle.
In this study, we provide a practical methodology for profiling bacterial cell surface glycomes and show substantial differences in glycan profiles between strains of the same Lactobacillus species.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . Lactobacillus casei YIT 9029 is a commercial strain used in the production of fermented milk. A mutant of L. casei YIT 9029 of which the cps1C gene was knocked out, YIT 9029 ⌬cps1C (43), was analyzed. YIT 0180 is the neotype strain of L. casei (10) . Cells were cultured in MRS medium (Becton Dickinson and Company) for 22 h at 37°C under aerobic conditions. Fluorescent staining of Lactobacillus casei cells. Cells cultured in 4 ml MRS medium (1 ϫ 10 9 to 2 ϫ 10 10 ) were harvested by centrifugation (4,000 ϫ g for 5 min at 4°C) and washed three times with 10 mM phosphate-buffered saline (PBS; pH 7.0). The cells were resuspended in 4 ml of 70% ethanol and agitated (100 rpm for 30 min at room temperature [RT]) using a Personal-11 shaker (Taitec Co., Ltd.). The cells were harvested by centrifugation (4,000 ϫ g for 5 min at 4°C) and washed three times with PBS. The cells were then resuspended in 4 ml of PBS, before incubation with 1 to 50 M SYTOX Orange nucleic acid stain (Molecular Probes Co., Ltd.) for 5 min at RT (41, 42) . Cells labeled with SYTOX Orange were washed three times with PBS and finally resuspended in 360 l of PBS containing 1% bovine serum albumin (PBS-BSA). The fluorescence intensity of 2 ϫ 10 8 labeled cells was measured using an ARVO X3 apparatus (PerkinElmer) within 1 h of labeling.
To visualize the cells labeled with SYTOX Orange, they were embedded in
Vectorshield with 4Ј,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Glass slides were examined using a Leica Q550FW system, and fluorescent images were analyzed using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD) (36) . Lectin microarray preparation and lectin specificities. The lectin microarray was prepared as previously described (21) (22) (23) . Briefly, 44 lectins were dissolved at a concentration of 0.5 mg/ml in a spotting solution (Matsunami Glass) and spotted onto epoxysilane-coated glass slides (Schott) in triplicate using a noncontact microarray printing robot (MicroSys4000; Genomic Solutions). The glass slides were then incubated at 25°C overnight to allow lectin immobilization. The lectin-immobilized glass slides were then washed with probing buffer (25 mM Tris-HCl, pH 7.5, 140 mM NaCl [TBS] containing 2.7 mM KCl, 1 mM CaCl 2 , 1 mM MnCl 2 , and 1% Triton X-100) and incubated with blocking reagent N102 (NOF Co.) at 20°C for 1 h. Finally, the lectin-immobilized glass slides were washed with TBS containing 0.02% NaN 2 and stored at 4°C until use. The glycan-binding specificities of the lectins are listed in Table S1 in the supplemental material. In addition, CSL, a rhamnose (Rha)-binding lectin isolated from chum salmon (Oncorhynchus keta) eggs (34, 40) , was used in this study (see Fig. 2A ).
Lectin microarray hybridization. L. casei cells labeled with SYTOX Orange were suspended in PBS-BSA and added to each well of a glass slide containing immobilized lectins (100 l/0.5 ϫ 10 9 to 5 ϫ 10 9 cells/well), followed by incubation at 4°C for 1 h. Unbound cells were mildly removed by immerging the inverted lectin microarray in more than 1 liter of cold PBS at 4°C for 30 min. Bound cells with lectins immobilized on a glass slide were detected with an evanescent-field fluorescence scanner (Fig. 1 ). Data are shown as the ratio of fluorescence intensities of the 44 lectins relative to the maximal fluorescence intensity on the lectin microarray. The lectin-binding signals for each strain were normalized with the highest signal. Unsupervised hierarchical clusters were generated for the Lactobacillus casei strains, and their glycan profiles were obtained by lectin microarray. The levels of lectin-binding signals are indicated by the color change from green (low binding levels) to red (high binding levels).
Carbohydrate inhibition assay. In order to determine the effects of carbohydrates on binding affinity between CSL and YIT 9029 and/or YIT 0047, whose origin is significantly different from that of YIT 9029 (45), D-galactopyranose PS-PG. Cells grown overnight in 100 ml of MRS medium were harvested by centrifugation (12,000 ϫ g for 10 min at 4°C) and washed three times with distilled water. Cells were resuspended in 4 ml of 5 mM Tris-malate-2 mM MgCl 2 (pH 6.4). After boiling for 10 min, 1 mg of N-acetylmuramidase SG (Dainippon Sumitomo Pharma Co., Ltd.), to solubilize polysaccharides by digesting the peptidoglycan network of the cell wall, and 1 mg of benzonate (Merck Japan Ltd., Tokyo, Japan), as an endonuclease, were added to the cell suspension, and the mixture was incubated at 37°C for 18 h. The reaction mix was heated at 100°C for 10 min and then centrifuged at 12,000 ϫ g for 10 min at 4°C. One milligram of pronase (Roche Diagnostics K. K., Tokyo, Japan) in the solution was added to the supernatant to digest all protein components into small fragments, and the reaction mix was incubated at 37°C for an additional 20 h. The resulting solution was thoroughly dialyzed against deionized water using a 3,500-molecular-mass-cutoff dialysis bag and more than 8 exchanges of water for 2 or 3 days at RT. The samples obtained were designated the PS-PG fraction and stored in a refrigerator until further use.
The carbohydrate composition of the PS-PG was analyzed by labeling the sample using an ABEE labeling kit (J-Oil Mills Co. Ltd., Tokyo, Japan), followed by high-performance liquid chromatography analysis using a Honenpak C 18 column (75 mm by 4.6 mm [inner diameter]) (44) .
RESULTS
Optimization of labeling for Lactobacillus casei. Before using SYTOX Orange, we examined the applicability of Cy3 labeling, which is usually used in fluorescent labeling of glycoproteins and cell surface proteins for microarray analysis. The fluorescein isothiocyanate-labeling method (32) with 10 g/ml Cy3 successfully labeled 1 ϫ 10 9 to 2 ϫ 10 9 cells. However, nonspecific binding between Cy3-labeled cells and the glass microarray slides was detected. This was probably due to increased hydrophobicity of the cells. Labeling with Cell Tracker, another labeling reagent for whole-mammalian-cell staining (37) , was also unsuccessful, since the fluorescence intensity of L. casei cells (1 ϫ 10 10 to 2 ϫ 10 10 ) labeled with Cell Tracker (50 g/ml) was too low to be analyzed by this technology.
We then examined the suitability of SYTOX Orange (41, 42) , whose maximum excitation wavelength is similar to that of Cy3 (32) . We first measured the fluorescence intensity of 1 ϫ Proper labeling of the cells with SYTOX Orange was confirmed by monitoring the labeled cells with fluorescence microscopy. As shown in Fig. 2C , it was possible to distinguish the area of the cells stained by SYTOX Orange from that stained by DAPI after double staining of L. casei cells. The latter stained only the center of the cells, as DAPI binds to ATspecific chromosomal DNA (31); SYTOX Orange stained the whole area of the cell 2 or 3 times more strongly than DAPI. This is probably because the dye binds not only to doublestranded DNA, as described in the supplier's manual, but also to RNAs that are distributed throughout the whole-cell cytoplasm. It was essential to treat bacterial cells with 70% ethanol for 30 min before staining with SYTOX Orange in order to obtain the full fluorescence intensity, and microscopic analysis suggested that this treatment did not damage cell morphology. Hence, we concluded that 10 M SYTOX Orange was the most suitable labeling dye for lectin microarray analysis.
Differential profiling of 4 Lactobacillus casei strains. We determined the required number of SYTOX Orange-labeled cells using 2 different strains of L. casei, YIT 0005 and YIT 0006, at 0.5 ϫ 10 9 , 1.0 ϫ 10 9 , 2.0 ϫ 10 9 , or 4.0 ϫ 10 9 cells/well. As shown in Fig. 2D , only 2.0 ϫ 10 9 and 4.0 ϫ 10 9 cells/well gave the full fluorescence intensity and reproducible results in both strains. It was concluded that 2 ϫ 10 9 to 4 ϫ 10 9 cells/well was suitable for this assay.
The lectin-binding activity of YIT 0005, YIT 0006, YIT 9029, and YIT 0180 T was then analyzed in more detail. As shown in Fig. 3 , each strain had a unique binding profile. Similar to previously reported glycoproteins (20) and mammalian cells (37) , the bacterial cells had their own molecular patterns of glycosylation on their cell surfaces. It can be also speculated that YIT 0005, YIT 0006, and YIT 0180
T have similar outer surface PS structures. In particular, strong signals were commonly detected in these three strains for ECA (asialo complextype N-glycan binder), BPL and TJA-II (Gal binders), LEL (chitin binder), and O-glycan binders (WFA, MPA, HPA, VVA, SBA, GSL-I, and PTL-I).
However, YIT 9029 bound only to CSL, a rhamnose-specific lectin (32, 33, 37) . It is known that PS from YIT 9018, the parental strain of YIT 9029 which was produced by removing bacteriophage FSW from the YIT 9018 genome (33), contains Rha, Glc, Gal, N-acetylglucosamine (GlcNAc), and Nacetylgalactosamine (GalNAc) (28) . We also confirmed the sugar composition of YIT 9029 PS using the ABEE labeling kit (44) and found the presence of Rha, Glc, Gal, and others (data not shown), consistent with the results of Nagaoka et al. (28) . On the basis of our results, the binding profiles of the strains analyzed are not just determined by the sugar composition of the cell wall PSs, but they are also partly determined by the specificity of lectin binding.
Next, a competitive inhibition assay was performed using monosaccharides and disaccharides as competitors (Gal, Glc, Man, Rha, Suc, Fuc, and Lac) to measure the binding specificity of YIT 9029 and YIT 0047 (NIRD A-121) to CSL. The binding ratios of YIT 9029 and YIT 0047 are shown in Fig. 4 . Rha completely inhibited the binding of YIT 9029 and YIT 0047 to CSL, indicating that the binding of both strains to CSL was rhamnose specific. Although the binding of YIT 0047 to CSL was partially inhibited by Gal and Glc, these sugars did not affect the binding of YIT 9029 to CSL, suggesting that Gal and Glc moieties in the cell surface structure of YIT 0047 but not YIT 9029 are present near the binding site of CSL. Hence, the liquid-phase lectin microarray technique is sensitive enough to distinguish similarities and differences in the glycome of bacterial cell surfaces between strains, even in the same species, and is suitable in the identification of individual bacterial strains. At the same time, this technique is very simple and reproducible for characterizing cell wall structures.
Profiling 16 L. casei strains. We examined 16 L. casei strains which are indistinguishable from each other by 16S rRNA sequences using the lectin microarray technique. As shown in Among 16 L. casei/L. paracasei strains, two types of lectinbinding characteristics could be recognized; one group has few lectin responders which bind to only one or two different lectins, and the other group has multiple lectin responders which bind to multiple lectins with different specificities. YIT 0001, YIT 0091, and YIT 9029 bound only to CSL, YIT 0009 bound only to ABA, YIT 0123 bound only to jacalin, and YIT 0226 bound only to BPL and SBA. Similar to YIT 9029, these strains do not necessarily have PSs with simple sugar composition but may contain various sugar compositions. Alternately, there are strains which bind to a number of lectins. For instance, YIT 0003 binds to 23 lectins, YIT 0006 binds to 24 lectins, and YIT 0290 binds to 27 lectins. From all the binding profiles, we could not draw a specific binding profile for L. casei/L. paracasei species but, rather, recognized profiles specific for individual strains. None of the strains bound ACA and AOL, which are specific for Gal-␤1-3GalNAc-Thr/Ser and Fuc, respectively.
Next, we analyzed the lectin-binding profile of a mutant of YIT 9029 as a typical example of a strain with few lectin binders. As described above, the cell wall PS of YIT 9029 contains several sugar molecules, including Glc, Gal, Rha, GlcNAc, and GalNAc, with different linkages. The mutant of YIT 9029 with the ⌬cps1C mutation was constructed by sitespecific deletion mutagenesis within the cps1C gene encoding a putative glycosyltransferase, which is essential to synthesize PS-1 and most probably lacks a certain glycosyltransferase ac-tivity (43) . The glycan profile of the strain with the ⌬cps1C mutation was clearly different from that of YIT 9029: in addition to binding to CSL, the cells of the strain with the ⌬cps1C mutation bound to an asialo complex-type N-glycan binder, DSA, and chitin binders LEL, STL, and UDA (Fig. 6) . Interestingly all these lectins have the binding specificity of the N-acetylglucosamine polymer. No other lectins bound to the mutant. Therefore, the deficiency of the cps1C gene resulted in a partial release of PS structures consisting of at least one GlcNAc moiety in the cell wall PS, in addition to the disappearance of the high-molecular-mass PS-1 (43).
DISCUSSION
In this study, we have developed a simple and efficient method to profile the bacterial glycome using liquid-phase lectin microarray. We have shown that it is possible to distinguish between strains classified into the Lactobacillus casei/L. This keeps the integrity of the cell shape and enables the SYTOX Orange dye to penetrate into the bacterial cytosol (Fig. 2C) . Second, 10 M SYTOX Orange was used to label bacterial cells. The concentration of SYTOX Orange dye used to label the bacterial cells was 100-fold higher than that recommended by the supplier (Fig. 2B) , but it was the most appropriate concentration in this analysis. The specific application of SYTOX Orange in the analysis of the bacterial glycome differs from the analysis of mammalian cells (37) or glycoproteins (20) , for which Cell Tracker and Cy3, respectively, are generally used. An additional advantage of SYTOX Orange is that the dye-stained bacterial cells can be stored for approximately 2 days without a detectable loss of intensity. Lastly, the number of cells used in the binding reaction on the lectin microarray is critical for reproducible and identifiable results. The number of bacterial cells is preferably between 2 ϫ 10 9 and 4 ϫ 10 9 cells/well (Fig. 2D ). Under these simple conditions, we could successfully analyze the lectin-binding profile of bacterial cells of L. casei/L. paracasei group strains. Since the binding reaction should occur on the outer surface of the cells and since the treatment of bacterial cells in 70% ethanol solution for 30 min is rather mild, we suggest that this technique is also widely applicable to other bacterial genera and species, although it may be necessary to optimize the concentration of SYTOX Orange for individual strains.
During the analysis of L. casei/L. paracasei group strains using the technology developed in this study, we determined some remarkable characteristics of these strains. Although all Though none of the lectins binds to every strain used in this study, there are some lectins which bind to a number of L. casei/L. paracasei group strains. Those are CSL (Rha binder), BPL (Gal binder), LEL (chitin binder), ECA, RCA120, and DSA (asialo complex-type N-glycans binders), TJA-II, EEL, and ABA (Gal-type N-glycan binders), and jacalin, WFA, VVA, SBA, GSL-I, and PTL-I (O-glycan binders). In contrast, few strains bound to high mannose-type N-glycan binders (NPA, concanavalin A [ConA], GNA, and HHL) and sialic acid (Sia) binders (MAL, SNA, SSA, and TJA-I); furthermore, none of the strains bound ACA (Gal-␤1-3GalNAc-Thr/Ser binder) or AOL (Fuc binder). This suggests that the surface sugar moieties specific for these binders are generally absent among strains of the L. casei/L. paracasei group.
The lectin-binding patterns of lactobacilli were previously reported using 6 different lectins (3). Interestingly, none of the Lactobacillus acidophilus strains bound to any lectins because of autoagglutination. In fact, some strains in this study, for instance, YIT 0005 and YIT 0180 T , were found to autoagglutinate in MRS medium; however, agglutination itself did not affect the binding to lectins (Fig. 3) . These data may imply that the cell surface glycomes between L. casei/L. paracasei and L. acidophilus would be largely different from each other.
The lectin-binding profiles do not always reflect the sugar composition of the bacterial cell wall PSs. In some strains, lectin binding is limited, while in other strains many different types of lectins bind to the cells. We speculate that limited binding is caused by physical hindrance of the binding sites for certain lectins. For instance, YIT 9029 binds only to a Rhaspecific lectin CSL in this assay, although the PS of YIT 9029 consists of several sugar components (28; this study). The fact that the binding of CSL to YIT 9029 is inhibited by Rha but not by other sugars (Fig. 4) clearly indicates that this binding occurs in a Rha-specific manner. In one mutant of YIT 9029 with the ⌬cps1C mutation, which has a defect in a certain sugar transferase gene, we suggest that a high-molecular-mass polysaccharide (PS-1) structure is missing from the cell surface (43) . This cps1C mutation has led the mutant to bind multiple lectins (Fig. 6) . It is too early to speculate whether PS-1 contains the binding site for CSL and/or whether it would hinder shorter PSs that potentially have the binding sites for CSL and other lectins. Differences in the patterns of inhibition against the binding of different L. casei strains to CSL by various carbohydrates have been indicated. These differences may reflect the structural characteristics of the CSL binding site in these strains. Further biochemical and molecular genetic analyses are required in order to clarify the exact structural features of the cell wall PSs.
The results obtained in this study show the actual interaction between lectins and microbial cells, which is probably via surface PSs. The lectins used in this assay are mostly derived from various plants, except for AOL, which was isolated from Aspergillus oryzae; CSL, which was isolated from salmon eggs (34, 40) ; and HPA, which was isolated from Helix pomatia; some lectins were isolated from fungi. Recent advances in mammalian cell biology reveal that various lectin-like proteins are expressed on mammalian cell surfaces and may play pivotal roles in cell signaling. In addition, some plant lectins are known to mimic mammalian lectins, but they could easily be applied to the technology described here.
During the host-bacterium interaction in the gut, probiotic bacteria may send their signals through various methods and factors. The data presented in this study clearly show that bacterial PSs can actively interact with lectins. Further analysis on the interaction between bacterial PSs and host cells will enable us to identify novel factors involved in this response.
In conclusion, we have developed a liquid-phase lectin microarray analysis technique to profile the bacterial glycome. The binding profile probably reflects, in part, the content and structure of cell wall PSs. It is a simple and high-throughput system which enables us to distinguish and identify individual bacterial strains within the same species without performing complicated carbohydrate composition and structure analyses. In addition, the interactions between lectins and bacterial cells suggest the presence and importance of this type of interaction in the probiotic actions.
